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This is the tree as it grows.
About one half of the carbon dioxide 
uptake results in additional carbon 
atoms in biomass
This is when biomass dies and 
becomes detritus: such as leaves and 
tree death
This is due to microbial breakdown of 
dead biomass – 95% in one to twenty 
years
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Fate of Reduced “Fixed” Carbon
-  After the plant takes care of  energy 
requirements of procuring a balanced diet, the 
excess carbon is directed to seeds, biomass 
growth or stored as sugars for the next season.
-  Sugars are excreted into the soil biota in 
exchange for plant nutrients (NPK and micro-
nutrients).
-  If NPK are available, the plant does not 
“waste” sugars on soil. microbes and puts that 
carbon into plant priorities = more plant 
growth
-  Without plant sugars, soil microbes attack 
each other and soil carbon decreases, leading 
to sterile soil.
After 20 years, most growing systems reach asymptotic 
organic carbon content – similar to how humans reach 
approximate final height, and sometimes even weight? 
Undisturbed ecosystems cycle much of the annual growth 
back to the soil. Example: leaves, detritus, seeds 
Periodic episodes (forest fires, disease, wind) convert 
growing biomass into CO2 or decaying biomass.
     Examples of Carbon Positive Forests:
- Most of the Northeast United States, 
due to an ice storm in 2008 & hurricanes ….
- The Province of British Columbia,
due to pine beetle infestation (no hard frosts)
Pyrolysis and Carbonization convert 
biomass into biochar: one half of the 
carbon atoms are released as volatiles 
and one half converted to biochar
The volatiles contain carbon atoms 
that the tree removed from the 
atmosphere as it grew = carbon 
neutral
A minority of biochar is slowly 
oxidized by soil microbes; the 
majority is stable for hundreds 
to thousands of years
Biochar: “invented” 600 million years ago by Mother Nature
From: http://www.techtp.com/Torrefaction for High Quality Wood Pellets.pdf, page 7 of 36 
Figure 2: Wood Physical Structure – from tree to molecules of lignin & sugars
From: http://www.techtp.com/Torrefaction for High Quality Wood Pellets.pdf, page 7 of 36
 
Figure 2: Wood Microscopic Structure – molecular mixtures at the atomic scale
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Pyrolysis & Carbonization Reactions of Wood 
Below 288 C = Torrefied Wood        Above 325 C = Biochar 
Hardwood Pellets: Dried, Carbonized 200C to 300C
Hardwood Pellets: Are they water resistant?
Wet Pellets: Drained & Moldy (200C & 225C)
From page
Amorphous Graphite  = Domains of Graphene
8
Figure 3: Development of local Graphene domains during carbonization
Page 3 of J. Phys.: Condensed Matter 19 (2007) 
9
Figure 4: Development of porous 3-dimension structure during carbonization 
Pivotal Biochar properties:
Short-term Effects are due primarily to
• Ash Content – due to pH impact
• Mobile Matter – due to stimulating parasitic soil 
microbes, which compete for nitrogen
Long-term Effects are attributed to only the
• Resident Matter – because it 
• Adds Volume with high porosity to the soil
• Increases Cation Exchange Capacity
• Introduces significant Adsorption Capacity
How does Biochar work in the Soil?
• Biochar works in conjunction with the 
existing soil, crop and climate.
• Biochar helps “soil” go back to being soil.
• Improved Moisture Dynamics – high & low
• Improved Nutrient Retention (N, P, K)
• Improved Microbe survival during drought
• Improved Plant-Microbe synergisms
This begs the question:
How does Resident Matter accomplish 
the following in the Soil?
• Improved Moisture Dynamics – high & low
• Improved Nutrient Retention (N, P, K)
• Improved Microbe survival during drought
• Improved Plant-Microbe synergisms
- and why do these effects results from 
Biochar Porosity, CEC and Adsorption?
How does Resident Matter accomplish 
the following in the Soil?
• Improved Moisture Dynamics – high & low
Two different moisture regimes, 
with three different mechanisms:
– High moisture in tight soils (flooding in clays)
– High moisture in loose soils (flooding in sand)
– Low moisture in all soils
•  desiccating or drought conditions
- Also Bulk Density or the box of corn flakes
- this is the density of the individual corn flakes
- this is the density of the corn flake “molecules”
or the corn flake skeleton without vapor volume
- applies to all micro-porous media including chars
Calculating the “density, porosity, voidage”
of a typical biochar (a good one…)
• Apparent Density = 250 kg/cubic meter
• Skeletal Density = 1500 kg/ cubic meter
– Skeleton = 250/1500 = 1/6 cubic meter
– Total voidage = 1 – 1/6 = 5/6 cubic meter
• Assuming 1/3 inter-particle voids
– Space between particles = 1/3 cubic meter
– Space inside particles = 5/6 – 1/3 = 1/2 m3
Summary: Biochar is 83% voidage and 
17%  graphitic skeleton
• 33% of the volume is between particles – 
this improves soil drainage and aeration
• 50% of the volume is inside particles – this 
volume is available to store bulk water
This available volume improves overall soil 
properties during excess moisture
 – but what about desiccating soil conditions?
That requires ADsorption of the moisture
Mechanis
m
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Figure 1: Yield and Adsorption Capacity of Lab Chars
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Figure 3: Normalized Adsorption and Adsorption Yield
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How does Resident Matter accomplish 
the following in the Soil?
• Improved Nutrient Retention (N, P, K)
This is the CEC = Cation Exchange Capacity property
Biochar has both Cation and Anion Exchange capacity
- Exchange Capacity is due to non-graphitic organic 
side chains, oxidized to organic acid functionalities and 
organic bases due to bound nitrogen molecules
- Adsorption of Humic and Fulvic Acids also increases 
A&CEC and provides “labile” carbon inventory
How does Resident Matter accomplish 
the following in the Soil?
• Improved Microbe survival during drought
• Improved Plant-Microbe synergisms
Microbes need two things to survive: food and water
- Biochar adsorbs water and water soluble 
organics via isotherms – and desorbs them when 
background levels are below “equilibrium”
What conditions make for good biochar?
The biomass determines the mechanical properties and ash constituents – concentrated up 
3x or MORE, depending on how many supplemental carbon atoms are harvested 
(vaporized) for other products .
The pyrolysis conditions determine the biochar properties !
-  HTT is most important – determines the size of the graphene sheets and the “potential 
for adsorption”
-  Vapor phase atmosphere is second – determines to what extent the “potential for 
adsorption” is deteriorated
-  Residence time almost doesn’t matter, as long as you reach the HTT. However, biomass 
and chars are great insulators and vaporizing water and volatiles is highly endothermic. 
Do the math.
“Although Klason established the key role of secondary (vapor-phase) pyrolytic 
reactions in the formation of charcoal 88 years ago; today, many researchers still assume 
that charcoal is solely a product of primary (solid-phase) pyrolytic reactions. In reality, 
charcoal contains both “primary” charcoal and “secondary” charcoal that is a coke 
derived from the decomposition of the organic vapors (“tars”) onto the solid 
carbonaceous solid.”
 
Another critical consideration in the development of adsorption capacity is not 
destroying it by adsorbing pyrolytic vapors in the newly formed adsorption sites and 
having the vapors subsequently decompose into coke that effectively blocks the 
adsorption sites.
 
This rather unfortunate phenomenon is poorly understood and often embraced as the 
mechanism for achieving higher char yields within a given pyrolysis process. As 
discussed in Antal and Gronli (A,S&T of Charcoal Production) at the bottom of page 
1627:
Table 3 vapor HTT YIELD Ads Capacity Ads-yield
Char A : Ramp to 275C in N2, hold 0.75 hrs N2 275 63.2% 0.68% 42.9
Char A1 : Ramp Char A to 350C in air, hold 3 hrs air 350 43.4% 4.30% 186.4
Char A2 : Ramp Char A1 to 400C in air, hold 3 hrs air 400 31.9% 8.01% 255.5
Char A-N2 : Ramp Char A to 400C in N2, hold 3 hrs N2 400 36.8% 2.28% 83.8
Char A improvement (air/ N2 at 400C) 3.51 3.05
Char B : Slower ramp to 350C in N2, hold 1 hour N2 350 42.9% 1.56% 66.8
Char B1 : Ramp Char A to 350C in air, hold 3 hrs air 350 39.2% 4.84% 189.9
Char B2 : Ramp Char A1 to 400C in air, hold 3 hrs air 400 30.4% 8.23% 250.5
Char B-N2 : Ramp Char A to 400C in N2, hold 3 hrs N2 400 38.0% 2.15% 81.7
Char B improvement (air/ N2 at 400C) 3.83 3.07
Freshly made Biochar is like raw Ground Beef;
is it food? – not yet
Steps to preparing biochar for optimal soil benefit:
-  Conditioning: equilibrate with soil moisture properties
-  pH effects, total dissolved solids (salts), liming
-  desorb soluble sugars and other mobile matter
-  Charging: equilibrate with soil fertilizer levels
-  in balance with annual fertilizer fluxes
-  Inoculating: Biasing the Soil Microbial Populations
-  this may not be necessary or even work
All of which happens during composting or given enough time
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